Background Obesity is associated with dyslipidemia, which leads to elevated triglyceride and ceramide levels, apoptosis and compromised cardiac function.
High-fat diet-induced juvenile obesity leads to cardiomyocyte dysfunction and upregulation of Foxo3a transcription factor independent of lipotoxicity and apoptosis Background Obesity is associated with dyslipidemia, which leads to elevated triglyceride and ceramide levels, apoptosis and compromised cardiac function.
Methods To determine the role of high-fat diet-induced obesity on cardiomyocyte function, weanling male Sprague-Dawley rats were fed diets incorporating 10% of kcal or 45% of kcal from fat. Mechanical function of ventricular myocytes was evaluated including peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR 90 ) and maximal velocity of shortening and relengthening (W dl/dt). Intracellular Ca 2þ properties
were assessed using fluorescent microscopy.
Results High-fat diet induced hyperinsulinemic insulinresistant obesity with depressed PS, W dl/dt, prolonged TPS/TR 90 reduced intracellular Ca 2þ release and Ca 2þ clearing rate in the absence of hypertension, diabetes, lipotoxicity and apoptosis. Myocyte responsiveness to increased stimulus frequency and extracellular Ca 2þ was compromised. SERCA2a and phospholamban levels were increased, whereas phosphorylated phospholamban and potassium channel (Kv 1,2 ) were reduced in high-fat diet group. High-fat diet upregulated the forkhead transcription factor Foxo3a, and suppressed mitochondrial aconitase activity without affecting expression of the caloric sensitive gene silent information regulator 2 (Sir2), protein nitrotyrosine formation, lipid peroxidation and apoptosis.
Levels of endothelial nitric oxide synthase (NOS), inducible NOS, triglycerides and ceramide were similar between the two groups.
Introduction
Obesity is an epidemic problem within the USA and other developed countries, with a notable increase in prevalence by over 60% during the last decade [1] [2] [3] . Obesity is often associated with enhanced morbidity and mortality largely due to cardiovascular disease [4, 5] . Depression of cardiac contractile function is present in both the whole heart and isolated ventricular myocytes in morbidly obese humans and genetically obese fa/fa Zucker rats [6] [7] [8] [9] . Depressed cardiomyocyte contractile function has been demonstrated in models of genetic obesity with concomitant hypertension [9] [10] [11] [12] and diabetes [13, 14] . Nevertheless, the direct impact of obesity itself on cardiomyocyte mechanical function, cellular oxidant injury and apoptosis remains ambiguous largely due to the concomitant presence of confounding cardiovascular risk factors such as hypertension, diabetes and dyslipidemia [2, 6, 9, 11, 15, 16] .
High-fat diet intake leads to diet-induced obesity in concert with multiple cardiovascular risk factors such as insulin resistance and metabolic syndrome. Hypertension and dyslipidemia develop from diets supplemented with 32% fat or 45% fat. Furthermore, initiating a high-fat diet at weanling or during adulthood may alter the overall consequence of high-fat diet intake. Although levels of circulating triglycerides are elevated, a significant increase in tissue triglyceride levels may be the most detrimental culprit of high-fat diets [8, 17] . Elevated triglycerides are implicated in the pathogenesis of cardiac contractile depression and apoptosis via lipotoxic cardiac dysfunction [8] . This is a cardiac dysfunction characterized by elevated tissue triglyceride levels, inducible nitric oxide synthase (NOS) expression, de novo ceramide synthesis and apoptosis resulting in ultimate cardiac depression [8, 17] . Nevertheless, the cardiac contractile function associated with lipotoxicity, as seen in genetically obese fa/fa rats, has not been previously demonstrated in high-fat diet-induced obesity. Furthermore, obese fa/fa rats are leptin resistant, thus eliminating a major regulator of triglyceride levels. Alteration in dietary fatty acids intake may directly affect ceramide levels, lipid peroxidation and protein nitration [18] . However, the impact of high-fat diet-induced obesity on cardiomyocyte function, oxidant injury and apoptosis in the absence of concomitant cardiovascular risk factors such as hypertension and diabetes is unknown.
To address this question, we fed weanling rats a high-fat diet for 12 weeks prior to development of hypertension and diabetes. Cardiac mechanical function and intracellular Ca 2þ properties were examined using isolated ventricular myocytes. Cardiac Ca 2þ -regulating proteins, lipotoxic parameters, mitochondrial damage, apoptosis, the pro-apoptotic forkhead transcription factor Foxo3a and the caloric intake sensitive gene silent information regulator 2 (Sir2) were evaluated. We report for the first time that high-fat diet impairs cardiomyocyte mechanical function, intracellular Ca 2þ handling, up-regulates Foxo3a transcription factor and triggers mitochondrial damage in the absence of overt lipotoxicity and apoptosis. These results suggest an impairment of cardiac function prior to the onset of lipotoxicity in high-fat diet-induced obesity.
Methods
Low and high-fat fed experimental animals The experimental procedures used here were approved by the University of North Dakota (Grand Forks, North Dakota, USA) and the University of Wyoming (Laramie, Wyoming, USA) Animal Use and Care Committees. In brief, weanling, male Sprague-Dawley rats weighing 84.5 AE 0.8 g (Charles River/Sasco, Wilmington, Massachusetts, USA) were housed in individual cages in a climate-controlled environment (22.8 AE 2.08C, 45-50% humidity). Following 1 week of acclimation, animals were randomly divided into two groups. Each group was fed with either a control diet containing 10% of kcal from fat (designated as low-fat) or a high-fat diet containing 45% of kcal from fat (USDA, ARS, Grand Forks Human Nutrition Research Center, Grand Forks, North Dakota, USA) for 12 consecutive weeks. The highfat diet was calorically rich (high-fat diet ¼ 4.83 kcal/g versus low-fat diet ¼ 3.91 kcal/g) due to the higher fat composition. However, the two diets possessed a similar nutrient composition. Body weight, systolic blood pressure and fasting blood glucose levels were assessed regularly with a laboratory scale, a semi-automated tail cuff device (IITC, Inc, Woodland Hills, California, USA) and an Accu-Chek III glucometer (Model 792; Boehringer Mannheim Corp, Indianapolis, Indiana, USA).
Intraperitoneal glucose tolerance test, plasma leptin and insulin assay
The intraperitoneal glucose tolerance test was performed as described [19] . After 12 weeks of low and high-fat dietary feeding, rats fasted for 12 h were given an intraperitoneal (i.p.) injection of glucose (2 g/kg body weight). Blood samples were drawn from the tail 15 min and immediately before the glucose challenge, as well as 15, 60 and 120 min thereafter. Blood glucose levels were determined using the Accu-ChekII glucose analyser. Radioimmunoassay kits for leptin and insulin (Linco Research, St Louis, Missouri, USA) were used to determine the amount of leptin and insulin present in the plasma [12] .
Isolation of ventricular myocytes
At the conclusion of the 12-week feeding period, rats (seven per group) were decapitated followed by immediate removal of the hearts to isolate left ventricular myocytes. Briefly, hearts were rapidly removed and perfused (at 378C) with Krebs-Henseleit bicarbonate (KHB) buffer (mmol/l: NaCl 118, KCl 4.7, MgSO 4 1.2, KH 2 PO 4 1.2, NaHCO 3 
(HEPES) 10, glucose 11.1, pH 7.4). The heart was then perfused for 20 min with KHB containing 223 U/ml collagenase II (Worthington Biochemical Corp., Freehold, New Jersey, USA) and 0.5 mg/ml hyaluronidase. After perfusion, the left ventricle was removed and minced. The cells were further digested with 0.02 mg/ml trypsin before being filtered through a nylon mesh (300 mm). Extracellular Ca 2þ was added incrementally back to 1.25 mmol/l over a 20-min period of time. Isolated myocytes were maintained in a defined medium consisting of Medium 199 with Earle's salts containing HEPES (25 mmol/l) and NaHCO 3 (25 mmol/l), supplemented with albumin (2 mg/ml), L-carnitine (2 mmol/l), creatine (5 mmol/l), taurine (5 mmol/l), insulin (100 nmol/l), penicillin (100 U/ml), streptomycin (100 mg/ml) and gentamicin (5 mg/ml) for up to 12 h without diminished function. The viability of freshly isolated myocytes was approximately 70% [12] .
Cell shortening/relengthening Mechanical properties of a similar number of ventricular myocytes from each animal were assessed using an IonOptix MyoCam system (IonOptix Corporation, Milton, Massachusetts, USA) [12] . In brief, cells were superfused with a buffer containing (in mmol/l): NaCl 131, KCl 4, CaCl 2 1, MgCl 2 1, glucose 10, HEPES 10, at pH 7.4. The cells were field stimulated at 0.5 Hz (unless otherwise stated). The myocyte was displayed on a computer monitor using an IonOptix MyoCam camera, which rapidly scans the image area every 8.3 ms such that the amplitude and velocity of shortening/relengthening is recorded with good fidelity. Cell shortening and relengthening were assessed using the following indices: peak shortening (PS), time-to-PS (TPS), time-to-90% relengthening (TR 90 ) and maximal velocities of shortening/ relengthening (AE dl/dt). In the case of altering stimulus frequency (0.1, 0.5, 1.0, 3.0 and 5.0 Hz), a steady-state contraction of myocytes was achieved (usually after the first 5-6 beats) prior to recording of PS. The contractile response of myocytes to increasing concentrations of extracellular Ca 2þ (0.5-3.0 mmol/l) was performed after switching extracellular Ca 2þ concentration to a different perfusion level for 5 min.
Intracellular Ca
2þ transient recording and sarcoplasmic reticulum (SR) Ca 2þ load Myocytes were loaded with Fura-2 (0.5 mmol/l) for 10 min at 308C and intracellular Ca 2þ transients were recorded with a dual-excitation fluorescence photomultiplier system (Ionoptix) as described previously [12] . Myocytes imaged through an Olympus IX-70 Fluor Â 40 oil objective were exposed to light emitted by a 75 W lamp and passed through either a 360 or a 380 nm filter (bandwidths were AE 15 nm) while being stimulated to contract at 0.5 Hz. Fluorescence emissions were detected between 480 and 520 nm by a photomultiplier tube after first illuminating the cells at 360 nm for 0.5 s then at 380 nm for the duration of the recording protocol (333 Hz sampling rate). The 360 nm excitation scan was repeated at the end of the protocol and qualitative changes in intracellular Ca 2þ concentration ([Ca 2þ ] i ) were inferred from the ratio of the fluorescence intensity at the two wavelengths. The SR load was directly assessed through a 10-s rapid application of caffeine (10 mmol/l) with a rapid solution switcher to Fura-2-loaded myocytes (0.5 mmol/l for 10 min at 308C). The integration underneath the Ca 2þ transient curve during the caffeine perfusion was calculated and used as an index of the SR Ca 2þ load [20] .
Western blot analysis of SERCA2a, phospholamban, phospho-phospholamban, potassium channel Kv 1,2 , Sir2, Foxo3a, phospho-Foxo3a, STAT3, eNOS and iNOS Expression of sarco(endo)plasmic reticulum Ca 2þ -ATPase (SERCA2a), phospholamban, phospho-phospholamban, Kv 1,2 , Sir2, Foxo3a, phospho-Foxo3a, signal transducer and activator of transcription (STAT3), endothelial NOS (eNOS) and inducible NOS (iNOS) from the left ventricle were assessed by western blotting. Ventricular tissue was sonicated in lysis buffer containing (in mmol/l): Tris 10, NaCl 150, EDTA 5, 1% Triton X-100 and protease inhibitor cocktail followed by centrifugation at 15000 g for 20 min at 48C. The supernatant was transferred to a clean microtube and protein was quantified spectrophotometrically using the Bradford protein assay [21] . Protein samples (10 mg/lane for phospholamban, all others 50 mg/lane) were separated by polyacrylamide gel electrophoresis (PAGE) using 7% (STAT3, eNOS, iNOS), 10% (SERCA2a, Sir2, Foxo3a, phospho-Foxo3a, Kv 1.2 ), or 15% (phospholamban, phospho-phospholamban) sodium dodecyl sulfate (SDS)-polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Pierce Biotechnology Inc., Rockford, Illinois, USA) and stained with Ponceau S red to assess equal protein loading and transfer. Membranes were blocked overnight followed by incubation (228C) with anti-SERCA2a (1 : 1000), anti-phospholamban (1 : 1000) [monoclonal antibodies to SERCA2a (A7R5) and phospholamban (2D12) were kindly provided by Dr Larry Jones from Indiana University School of Medicine, Indianapolis, Indiana, USA]; anti-STAT3 (1 : 1000) and anti-iNOS (1 : 1000) (Santa Cruz Biotechnology, Santa Cruz, California, USA), anti-eNOS (1 : 1000) (Transduction Laboratories, Lexington, Kentucky, USA), anti-Kv 1.2 (1 : 1000), anti-Sir2 (1 : 1000), anti-Foxo3a (1 : 1000), anti-phospho-Foxo3a (Thr32) (1 : 1000) and antiphospho-phospholamban (Ser16) (1 : 1000) (Upstate Biotechnology, Inc., Lake Placid, New York, USA). The proteins were visualized by chemiluminescence and exposure of the blots to luminescence detection film (X-OMAT AR KodakECL Western Blotting detection reagents and Hyperfilm-ECL; Amersham Biosciences, Piscataway, New Jersey, USA). Immunoreactive bands were visualized by imaging densitometry (GS-800, Imaging Densitometer; Bio-Rad Laboratories, Hercules, California, USA) [12] .
Aconitase activity
Mitochondrial fractions prepared from whole heart homogenate were resuspended in 0.2 mmol/l sodium citrate. After determination of protein concentration using the bicinchoninic acid protein assay kit and bovine serum albumin as a standard, aconitase activity assay (Aconitase activity assay kit, Aconitase-340 assay; OxisResearch, Portland, Oregon, USA) was performed according to manufacturer instructions with minor modifications. Briefly, mitochondrial sample (50 ml) was mixed in a 96-well plate with 50 ml trisodium citrate (substrate) in Tri-HCl pH 7.4, 50 ml isocitrate dehydrogenase (enzyme) in Tris-HCl, and 50 ml NADP in Tris-HCl. After incubating for 15 min at 378C with 50 r.p.m. shaking (I2400 Incubator Shaker; New Brunswick Scientific, Edison, New Jersey, USA), the absorbance was dynamically recorded at 340 nm every 1 min for 5 min with a SpectraMax 190 microplate spectrophotometer. During the assay, citrate is isomerized by aconitase into isocitrate and eventually a-ketoglutarate. The Aconitase-340 assay measures NADPH formation, a product of the oxidation of isocitrate to a-ketoglutarate. Tris-HCl buffer (pH 7.4) was used as a blank [22] .
Ceramide assay
Ceramide was quantified using the diacylglycerol kinase assay [23] . Heart tissues were powdered under liquid nitrogen and lipids were extracted, dried and resolubilized in chloroform [24] . An aliquot was solubilized in 20 ml of a mixed micelle solution. The reaction mixture containing 50 ml of reaction buffer (100 mmol/l imidazole-HCl, 100 mmol/l LiCl, 25 mmol/l MgCl 2 , and 2 mmol/l EGTA), 0.2 ml of 1 mol/l dithiothreitol (DTT), 5 ml of diacylglycerol kinase (1 mg/ml) and 14.8 ml of dilution buffer [10 mmol/l imidazole, 1 mM diethylenetriaminepenta-acetic acid (DETAPAC)] was added to each sample. The reaction was initiated with 10 mmol/l [g 32 P] ATP and incubated for 30 min at 308C. The reaction was terminated and phases were separated using chloroform and perchloric acid. The lipid layer was dried under nitrogen, solubilized in chloroform and spotted on a thin layer chromatography (TLC) plate (Whatman Inc., Clifton, New Jersey, USA). The plate was developed in a solution of chloroform : acetone : methanol : acetic acid : water (10 : 4 : 3 : 2 : 1 v/v) for 80 min. Ceramide 1-phosphate bands were identified by spraying the TLC plate with 6-( p-toluidino)-2-napthalenesulfonic acid (TNS; 62.6 mg/200 ml in 50 mmol/l Tris buffer pH 7.4) (Fluka, Germany) to visualize the lipid bands under low wave fluorescence light prior to scraping in preparation for liquid scintillation counting using a Beckman liquid scintillation counter (Beckman Instruments, Fullerton, California, USA).
Triglyceride analysis
To quantify heart triglycerides (TG), neutral lipids from an aliquot of heart lipid extract were separated by TLC developed in a solution of petroleum ether : diethylether: acetic acid (75 : 25 : 1.3 v/v) [25] . The triglyceride bands were visualized by spraying the TLC plate with TNS and bands corresponding to the commercial standards (NuChek Prep, Elysian, Minnesota, USA) were removed by scraping. Following the addition of 17 : 0-methyl ester internal standard, triglyceride fatty acids were subjected to transesterification by adding 0.5 mol/l potassium hydroxide in anhydrous methanol to the silica scrapings in a test tube [26] . The sample was placed in a shaking water bath for 30 min at 378C. The reaction was stopped using methyl formate and FAMES were extracted using petroleum ether. After centrifugation, the top phase was removed and the procedure was repeated. The sample was then transferred to a microvial for quantification of fatty acids by gas chromatography [25, 26] . This method yields > 95% conversion of TG fatty acids to methyl esters and has been used to quantify cellular TG mass [27] . This conversion and recovery was confirmed using TG standards. Total triglyceride mass was determined by dividing the quantity of fatty acids by three and then normalized to tissue sample wet weight.
TUNEL assay
The terminal deoxynucleotidyl transferase (TdT) mediated dUTP nick-end labelling (TUNEL) assay was performed on five hearts from each of the diet groups. A small amount (approximately 2 mm 3 ) of cardiac tissue from the apex of the hearts was extracted and fixed in 4.0% buffered paraformaldehyde solution (18-248C, pH 7.4) followed by embedding in paraplast (Fisher Scientific, Pittsburgh, Pennsylvania, USA). Tissue slices of 5 mm were mounted on slides coated with poly L-lysine (Histology Control Systems Inc., Glen Head, New York, USA). After deparaffinizing and dehydrating the sections, the ApopTag peroxidase in situ apoptosis detection kit (Serologicals Corporation, Norcross, Georgia, USA) was used to identify TUNEL reactive cells per manufacturer's instructions. A slide of mouse mammary tissue (Serologicals Corp.) was used as a positive control in each assay. A negative control for each animal was created by omitting the TdT enzyme from the assay procedure [28] . Cells from tissue slices were viewed and counted in four high-powered fields (Â 40 objective) per slide. The TUNEL reactive cells are presented as a percentage of total cardiac myocytes viewed.
Caspase-3 assay
Caspase-3 is an enzyme activated during induction of apoptosis. The caspase-3 activity was determined according to the published method [29] . Briefly, 1 ml of phosphate-buffered saline was added to a flask containing isolated ventricular myocytes before cells were scraped and collected in a microfuge tube. Cells were pelleted by centrifugation at 10 000 g at 48C for 10 min. The supernatant was discarded, and the cells were lysed in 100 ml of ice-cold cell lysis buffer [50 mmol/l HEPES, pH 7.4, 0.1% CHAPS, 1 mmol/l DTT, 0.1 mmol/l EDTA, 0.1% NP40]. The assay for caspase-3 activity was carried out in a 96-well plate. Each well contained 30 ml of cell lysate, 70 ml of assay buffer (50 mmol/l HEPES, pH 7.4, 0.1% CHAPS, 100 mmol/l NaCl, 10 mmol/l DTT and 1 mmol/l EDTA) and 20 ml of caspase-3 colorimetric substrate Ac-DEVD-pNA (Sigma Chemicals, St Louis, Missouri, USA). The 96-well plate was incubated at 378C for 2 h, during which time caspase in the sample was allowed to cleave the chromophore p-NA from the substrate molecule. Absorbance readings were obtained at 405 nm with the caspase-3 activity being directly proportional to the colorimetric reaction. Protein content was determined using the Bradford method [21] .
Evaluation of protein nitration and lipid peroxidation
Heart tissues were homogenized in a solution containing (in mmol/l) HEPES 20, mannitol 225, sucrose 75 and EGTA 1; at 200 r.p.m. using a teflon pestle. The homogenate was differentially centrifuged at 3000 g and 12000 g for 10 min each (Model TL-100 Ultracentrifuge; Beckman Instruments) to separate the sample into mitochondrial and non-mitochondrial fractions. Mitochondrial fractions were subsequently washed with homogenization buffer and separated by centrifugation an additional two times. Mitochondrial (15 mg/lane) and non-mitrochondrial (15 mg/lane) fractions were subjected to SDS-PAGE on pre-cast 4-12% gels (Invitrogene Life Technologies, Carlsbad, California, USA). Following electrophoresis, proteins were transferred to a PVDF membrane (Immobilon-P; Millipore Corp., Bedford, Massachusetts, USA) and incubated for 1 h in the presence of rabbit anti-nitrotyrosine antibody (1 : 2000) (Upstate Biotechnology Inc.). Proteins containing nitrotyrosine were visualized by chemiluminescence and exposure of the blots to luminescence detection film. Immunoreactive bands were visualized by imaging densitometry (GS-800, Imaging Densitometer; Bio-Rad Laboratories). Lipid peroxidation was assessed by measuring cardiac malondialdehyde (MDA) levels using high-performance liquid chromatography (HPLC). The MDA peak eluted at 8 min and was detected using a Waters 474 scanning fluorescence detector with excitation at 532 nm and emission at 553 nm [30] .
Statistical analysis
Fifteen rats were used in each dietary group. Experimental data are presented as mean AE SEM. Statistical significance (P < 0.05) for each variable was determined by independent t-test. Two-way analysis of variance was used to determine statistical significance (P < 0.05) of frequency and calcium dose responses.
Results

General features of low and high-fat diet fed rats
Although the low and high-fat diet groups started with similar body weight at week 0 of the study, a significant separation of body weight between the two diet groups was observed from week 7 that continued throughout the rest of the study. No significant difference in body weight was reached from week 1 up to week 6. Surprisingly, the average weekly caloric intake was not significantly different between the two diet groups (low-fat group ¼ 73.6 AE 2.0 kcal/week, high-fat group ¼ 76.1 AE 1.8 kcal/week, P > 0.05). However, the average feeding efficiency, the ability to translate calories consumed into a body weight increase over the study period, was significantly higher in the animals fed the high-fat diet (low-fat group ¼ 0.10 AE 0.02 g body weight/kcal consumed, highfat group ¼ 0.50 AE 0.08 g body weight/kcal consumed, P < 0.05 between the two groups), consistent to previous report [31] . Adult onset of obesity often results in concomitant hypertension and diabetes, which can independently alter cardiac contractile function [12, 15, 16, 31] . However, the high-fat diet-induced obesity of young rats in our experimental setting failed to elicit any change in either systolic blood pressure or fasting glucose levels ( Fig. 1) . High-fat fed animals were hyperinsulinemic, hyperleptinemic, glucose intolerant and displayed slight but significant organomegaly in heart and liver but not kidney (Table 1 and Fig. 1 ).
Effect of high-fat feeding on myocyte shortening, intracellular Ca 2þ transient and SR Ca 2þ load The average cell length for myocytes used in this study was 115.1 AE 1.2 mm (n ¼ 203) and 116.0 AE 1.3 mm (n ¼ 203) for low and high-fat diet groups, respectively. Representative traces depicting the mechanical profiles of left ventricular myocytes isolated from low and highfat diet fed rat heart are shown in Fig. 2a . Myocytes from high-fat fed rats exhibited depressed peak shortening (PS) amplitude and maximal velocity of shortening/ relengthening (AE dl/dt), as well as prolonged duration of shortening and relengthening (TPS and TR 90 ) (Fig. 2) . Using the intracellular Ca 2þ fluorescence indicator fura-2, we found that the intracellular Ca 2þ transient decay rate (tau) was significantly slowed associated with reduced electrically stimulated increase in intracellular Ca 2þ levels in high-fat diet fed rat hearts compared to the low-fat counterparts. The resting intracellular Ca 2þ levels and SR Ca 2þ load were similar between the two diet groups (Fig. 3) .
Effect of changes in extracellular Ca
2þ concentration and stimulation frequency on myocyte peak shortening (PS) in myocytes from low and high-fat diet fed rat hearts To examine the influence of extracellular Ca 2þ levels on PS amplitude, as an estimate of the myofilament Ca 2þ sensitivity, myocytes were first stimulated to contract at 0.5 Hz in a contractile buffer containing 0.5 mmol/l CaCl 2 . After the steady-state PS had been recorded, the extracellular Ca 2þ level was increased to 1.0, 2.0 and 3.0 mmol/l. Figure 4a shows that increases in extracellular Ca 2þ concentration from 0.5 to 3 mmol/l resulted in a positive staircase in PS in myocytes from both diet groups. Interestingly, the increase in PS in response to elevated extracellular Ca 2þ concentration was significantly dampened in myocytes from the high-fat diet group compared to those of the low-fat group. To investigate possible derangement of cardiac E-C coupling in high-fat fed rat heart myocytes at higher frequencies, we incrementally enhanced the stimulating frequency to 5 Hz (300 beats/min) and recorded the steady-state peak shortening. Cells were initially stimulated to contract at 0.5 Hz for 5 min to ensure the steady-state before commencing the frequency study. All recordings were normalized to the PS obtained at 0.1 Hz for the same myocyte. Figure 4b shows a negative staircase in PS with increasing stimulating frequency in myocytes from both diet groups. However, myocytes from the high-fat group displayed a significantly greater reduction in PS at the physiological frequency of 5 Hz, suggesting that intracellular Ca 2þ re-sequestration may be compromised by high-fat feeding.
Effect of high-fat diet on SERCA2a, phospholamban, phospho-phospholamban, Kv 1,2 and Sir2 To delineate the mechanisms for high-fat diet-induced myocyte mechanical dysfunction, protein expressions of key intracellular Ca 2þ -cycling proteins SERCA2a, phospholamban and phosphorylated phospholamban as well as voltage-dependent potassium channel Kv 1,2 were assessed. These proteins are associated with diabetes, obesity and hypertension-induced myocardial mechanical dysfunctions [12, 32, 33] , although their roles in high-fat diet-induced obesity are unknown. Our results indicated that cardiac expression of SERCA2a and phospholamban are both enhanced in the high-fat diet group, although the ratio between SERCA2a/phospholamban remained unchanged. Our data further revealed that expression of phosphorylated phospholamban and Kv 1,2 was significantly reduced in the high-fat diet group. Sir2 is a nicotinamide adenine dinucleotide-dependent histone deacetylase (HDAC) involved in a wide array of cellular processes including gene silencing, longevity, caloric intake and DNA damage repair [34] . Recent evidence suggests a cardioprotective role of Sir2 in the pathologic condition [34] . Our study revealed that the cardiac Sir2 expression was not altered by high-fat diet feeding (Fig. 5) .
Effect of high-fat diet on expression of Foxo3a, phospho-Foxo3a, eNOS, iNOS and STAT-3, aconitase activity and protein nitrotyrosine expression Our study revealed higher plasma levels of leptin and insulin in the high-fat diet group. Interaction of leptin or insulin with their respective membrane receptors triggers activation of janus kinase (JAK)-STAT and Akt-Foxo transcription factor signaling cascades, respectively [12, 35] . Altered STAT3 activation and forkhead transcription factor Foxo3a expression has been demonstrated in response to hyperleptinemia or insulin analog insulin-like growth factor [12, 35] , which may Intraperitoneal glucose tolerance test displaying blood glucose levels in response to intraperitoneal glucose challenge (2 g glucose/kg body weight) in low and high-fat diet fed rats. Mean AE SEM, n ¼ 10 rats per group (number in parenthesis). Ã P < 0.05 versus low-fat group. contribute to functional and morphological defects of the heart. We examined STAT3 and Foxo3a expression (as well as Foxo3a phosphorylation) in rat heart following high-fat diet feeding. Western blot analysis indicated no difference in STAT3 expression, suggesting limited involvement of leptin receptor downstream signaling through the STAT3 pathway in mechanical dysfunction under a high-fat diet. However, expression of Foxo3a, an oxidative stress-sensitive pro-apoptotic molecule [36] , was significantly upregulated in hearts of the high-fat diet group although phosphorylation of Foxo3a remained unchanged (Fig. 6) . Increased oxidative stress, apoptosis, protein nitration and lipid peroxidation have been reported in obesity, possibly resulting from increased NOS activity and NO bioavailability [16, 37] . To examine whether cardiac NOS isozymes are altered following high-fat diet feeding, protein abundance of eNOS and iNOS was quantified. Our results indicate that the protein levels of eNOS and iNOS were comparable between the two groups. However, mitochondrial aconitase activity was significantly reduced in the high-fat diet group (Fig. 6 ). Mitochondrial aconitase, an iron-sulfur enzyme located in the citric acid cycle, is readily damaged by oxidative stress via removal of an ion from [4Fe-4S] cluster [22] . Furthermore, the nitrotyrosine level was not different between groups (Fig. 7) . The MDA levels determined by HPLC were also not significantly different between the low and high-fat groups (Table 1) . Status
High fat leads to heart defects without llpotoxicity Relling et al. 555 of NOS activity or NO bioavailability is usually associated with protein nitrotyrosine formation and MDA accumulation. The unaltered levels of NOS isozyme expression and an absence of protein nitrotyrosine formation or MDA accumulation indicate the lack of any overt NOrelated cardiac oxidative damage in our experimental setting.
Effect of high-fat diet on triglyceride level, ceramide level and apoptosis Lipotoxicity plays a role in depressed cardiac function associated with the genetic obesity of fa/fa obese rats [8] .
Hallmarks of lipotoxic dysfunction often include elevated tissue triglycerides and ceramides contributing to apoptosis. Our results revealed that cellular triglyceride and ceramide levels were similar between the groups (Table 1 ). In addition, TUNEL reactive apoptotic cells were essentially absent in whole heart tissues from both low and high-fat diet groups (low-fat group ¼ 0.6%, highfat group ¼ 0.7%). Similarly, caspase-3 activity was also comparable between the two groups (low-fat group: 1.87 AE 0.39 optical density/mg protein versus high-fat group: 2.30 AE 0.52 optical density/mg protein; n ¼ 4 rats per group, P > 0.05). These data do not favour any role of lipotoxicity and apoptosis in cardiac dysfunction following the 12-week high-fat diet feeding.
Discussion
Our study demonstrates that feeding weanling rats with a high-fat diet for 12 weeks induced hyperinsulinemic, hyperleptinemic insulin-resistant obesity associated with impaired cardiac contraction and intracellular Ca 2þ handling in isolated ventricular myocytes without the onset of hypertension and diabetes. Notably, impaired cardiac contractile functions, as represented by depressed myocyte contraction, reduced maximal velocity of contraction/relaxation, prolonged duration of contraction and relaxation, slowed intracellular Ca 2þ clearance and diminished electrically stimulated increase in intracellular Ca 2þ , occur in the absence of overt lipotoxicity. Myocyte responsiveness to increased stimulus frequency (5 Hz) and extracellular Ca 2þ (1.0-3.0 mmol/l) were also compromised. Levels of triglycerides, ceramide, lipid peroxidation end-product MDA, caspase-3 activity and TUNEL reactive cells were similar between the low and high-fat diet groups. Protein expression of intracellular Ca 2þ cycling proteins SERCA2a and phospholamban was significantly enhanced whereas levels of phosphorylated phospholamban and Kv 1,2 potassium channel were significantly reduced in myocardium from the high-fat fed group. Our observation revealed upregulated forkhead transcription factor Foxo3a and reduced mitochondrial aconitase activity without any change in the caloric sensitive molecule Sir2, eNOS, iNOS and nitrotyrosine protein expressions in the high-fat diet group, indicating the possible contribution of Foxo3a and mitochondrial damage and the unlikely role of NOS or NO-related damage by high-fat diet feeding.
Depressed contractile function of cardiac myocytes has been demonstrated in models of genetic obesity with concomitant hypertension [9, 10, 12] and diabetes [13] . Surprisingly, the current model of high-fat diet-induced obesity demonstrates depressed contractile function of cardiac myocytes prior to the advent of comorbidities such as hypertension or diabetes. Similarities in cardiac mechanical dysfunction between the current high-fat diet obesity model and the fa/fa obese model are evident, such as depression in PS in both models [9, 10] . Furthermore, depressed cardiac function associated with heart failure may initially demonstrate certain signs, such as an altered force-frequency relationship [38] , which was observed in our study. This similarity in compromised stimulus frequency response or the extracellular Ca 2þ response may suggest a comparable mechanism in cardiac dysfunction between heart failure and early onset highfat, diet-triggered heart defects. Several mechanisms may be proposed for impaired cardiomyocyte contractile function following high-fat diet feeding. Although the SERCA2a/phospholamban ratio was similar between the low and high-fat diet groups, reduced cardiac contractile function can be explained by reduced phospholamban phosphorylation and Kv 1,2 channel expression in the high-fat diet group. Phosphorylation of phospholamban is considered as the mechanism unlocking the inhibition of phospholamban on SERCA2a [39] . On the other hand, the potassium channel is responsible for action potential repolarization, and any defects in this will result in prolongation of relaxation duration [39] , as seen in both diabetes and obesity [9, 10, 13, 14] . Our observations of prolonged intracellular Ca 2þ clearing and diminished intracellular Ca 2þ release in response to electrical stimuli supports our finding of a reduction in phospho-phospholamban and Kv 1,2 expression.
Adult Sprague-Dawley rats fed a high-fat diet display a divergent response in weight gain [15, 16] . The varying response results in obesity-prone and obesity-resistant groups. Obesity-prone adult rats exhibit higher body weights, leptin resistance, oxidative stress and hypertension within 1-4 weeks of initiating a high-fat diet [15, 16, 40] . Alternatively, these sudden and disturbing responses do not appear in weanling rats fed a similar diet [31, 41] . Weanling rats fed a high-fat diet develop higher body weights than controls over a prolonged period of time without the divergent response into obesity-prone and obesity-resistant subgroups [31] . The weight gain occurs in the absence of excess caloric consumption possibly due to decreased spontaneous activity or dietary fat composition [40, 41] . Contrary to the systolic hypertension and oxidative stress evident in adult Sprague-Dawley rats fed a high-fat diet [15, 16] , our results demonstrate similar systolic blood pressures and little evidence of oxidative stress (except mitochondrial aconitase activity) and apoptosis among the two diet groups. Sensitivity to leptin, the adipocyte-derived hormone, and insulin may be fundamental to our contrasting results. Mature rats display resistance to the physiological effects of leptin and insulin with age [42, 43] . Chronic hyperleptinemia or hyperinsulinemia representative of mature, obese rats, augments blood pressure purportedly through selective resistance to leptin and insulin [44] . Alternatively, young rats readily respond to the effects of hyperleptinemia and hyperinsulinemia [42, 43] . Leptin-sensitive rats retain their body size High fat leads to heart defects without llpotoxicity Relling et al. 557 and blood pressure homeostasis in the presence of hyperleptinemia [45] . Therefore, resistance to leptin, and possibly insulin, may be an initiating element in the sudden high-fat diet-induced obesity and hypertensive responses of adult rats.
Functional leptin-leptin receptor interaction is critical to triglyceride homeostasis of nonadipocytes in addition to the effect of insulin-insulin receptor coupling [17, 46] . Lipid accumulation is controlled in the presence of hyperleptinemia and/or hyperinsulinemia [47, 48] . However, leptin or insulin resistance may permit excessive triglycerides accumulation in nonadipocytes, en route to lipotoxicity and lipoapoptosis [8, 17, 49] . The high-fat diet used in the current study exhibited a significantly higher feeding efficiency (higher body weight gain per kcal consumed) [31] , increased body weight and plasma leptin/insulin levels, representative of diet-induced obesity. Decreased food consumption in the high-fat fed animals suggests that the central role of leptin to control satiety was functional. At the same time, heart tissue triglyceride levels, a measure of peripheral leptin functionality, were comparable between low-fat and high-fat fed animals. In addition to satiety and energy balance, leptin signaling increases iNOS activity and STAT3 protein abundance in cardiac myocytes [12] . The comparable abundance of STAT3 and iNOS in the presence of hyperleptinemia suggests the relatively sensitive leptin signaling in our experimental setting. In spontaneously hypertensive animals, hyperleptinemia and leptin resistance were associated with elevated basal STAT3 levels [12] . Western blot analysis of cardiac protein abundance of (a) SERCA2a, (b) phospholamban, (c) SERCA2a/phospholamban ratio, (d) phosphophospholamban, (e) Kv 1,2 potassium channel and (f) Sir2 in myocardium from low or high-fat diet groups. Each bar represents summary of arbitrary optical density. Mean AE SEM, n ¼ 4-6. Ã P < 0.05 versus low-fat group.
Surprisingly, ceramide levels, MDA levels and NOS protein abundance were unaltered in the high-fat group. Counts of TUNEL reactive cells, a gauge of apoptosis, and caspase-3 activity were also similar between the two groups. Therefore, lipoapoptosis and lipotoxicity appear to be absent in this model of high-fat diet-induced obesity. However, reduced aconitase activity did indicate early signs of cardiac mitochondrial damage following high-fat diet feeding. Elevated triglyceride and fatty acid levels, as seen in chronic high-fat feeding [50] , may stimulate serine palmitoyl transferase activity resulting in ceramide synthesis de novo [49] . Ceramide can be enzymatically degraded by ceramidase to sphingosine [51] , which inhibits SR Ca 2þ release [52] , L-type calcium channels and calcium transients [53] . Sphingosine is also thought to bind the ryanodine receptor [53] , therefore altering calcium transients without affecting Ca 2þ cycling or contractile protein abundance [53] . Notably, ceramide alone does not appear to depress peak shortening [54] or Ca 2þ transients [53] of cardiac myocytes, highlighting the need for further investigations into the conversion of ceramide to sphingosine in high-fat diet-induced cardiac dysfunction.
The present study revealed the enhanced expression of the forkhead transcription factor Foxo3a associated with unchanged Foxo3a phosphorylation and the caloric sensitive molecule Sir2 in rat heart following high-fat diet feeding. Foxo3a and Sir2 have been implicated in cell injury and protection, respectively [34] [35] [36] . Our results, although somewhat preliminary, indicated that Foxo3a, an oxidative stress-sensitive pro-apoptotic molecule [36] , High fat leads to heart defects without llpotoxicity Relling et al. 559 Western blot analysis of cardiac protein abundance of (a) Foxo3a, (b) phospho-Foxo3a, (c) endothelial nitric oxide synthase (eNOS), (d) inducible nitric oxide synthase (iNOS) and (e) signal transducer and activator of transcription (STAT3) in myocardium from low or high-fat diet fed rat hearts. Each bar represents summary of arbitrary optical density. (f) Depicting mitochondrial aconitase activity in low and high-fat fed groups. Mean AE SEM, n ¼ 4-6. Ã P < 0.05 versus low-fat group. may be involved in high-fat diet-induced tissue injury. Although the mechanism behind the high-fat dietinduced increase in Foxo3a protein associated with unchanged Foxo3a phosphorylation remains unknown, it may be speculated that the reversible acetylation of Foxo and, subsequently, DNA-binding affinity to the Foxo molecule, influences the activity of this transcription factor. It was demonstrated that histone acetyltransferase cAMP-response element-binding protein and NAD-dependent histone deacetylase Sir2 induce Foxo acetylation, thus affecting the phosphorylation sensitivity of Foxo factors [55] . The abundance of non-acetylated or the DNA-bound form of Foxo directly influences Aktdependent activation of Foxo [55] . The mechanism responsible for the unchanged Sir2 in the high-fat diet group is unknown and warrants further study.
In conclusion, the present study reveals a depression of ventricular myocyte contractile function in young rats after 12 weeks of high-fat diet feeding. The depression of contractile function may be related to intracellular Ca clearing and an electrically stimulated increase in intracellular Ca 2þ transients. The higher protein expression of SERCA2a may reflect a compensatory mechanism for cardiac myocytes to restore impaired intracellular Ca 2þ clearing, although the enhanced SERCA2a itself may be offset by the elevated expression of phospholamban and reduced phospholamban phosphorylation. The absence of lipotoxicity, shown as an absence of elevated levels of triglyceride, MDA, ceramide and protein nitrotyrosine, as well as an absence of apoptosis, was somewhat surprising because previous studies using moderately high (32% kcal from fat) or greater fat consumption present with oxidative stress and elevated plasma free fatty acids and triglycerides [18, 19] . In addition, upregulation of the forkhead transcription factor Foxo3a may independently contribute to the cardiac defect and be an early sign of mitochondrial damage following high-fat feeding. Leptin resistance is required for lipotoxicity whereas the younger model used in this study appears to be leptin sensitive, possibly explaining the absence of lipotoxicity. Notably, although the depressed cardiac contractile function in our obese model occurred prior to hallmarks of lipotoxic dysfunction, the eventual progression to lipotoxic cardiac dysfunction following the appearance of additional obesity-associated stressors, including leptin and insulin resistance, hypertension or diabetes, cannot be excluded. 
